INTRODUCTION
============

Modification of genomic DNA by methylation is an important epigenetic signal. In mammals and other vertebrate, DNA methylation occurs at the C5 position of cytosine, resulting in 5-methylcytosine (5mC), mostly within CpG dinucleotides ([@gks332-B1],[@gks332-B2]). In plants DNA methylation is found in the symmetric CG and CHG contexts (where H = A, T or C) and the asymmetric CHH context ([@gks332-B3]). Since 5mC is related to repressed chromatin state and inhibition of transcription ([@gks332-B1],[@gks332-B2]), an establishment and maintenance of the methylation pattern is of key importance for the cell functions. To interpret DNA methylation status proteins must faithfully discriminate between the non-modified C and the 5mC bases that differ only by a single methyl group. Structural studies revealed that eukaryotic methyl-DNA-binding proteins employ two different strategies for the 5mC recognition. The methyl-CpG-binding domain from the transcriptional repressor MeCP2 recognizes the specific hydration pattern of methylated DNA rather than cytosine methylation by itself ([@gks332-B4]). The SRA domain from the mammalian UHRF1 employs a radically different strategy: it flips out the 5mC of the DNA duplex and positions the extruded base within the protein pocket for discrimination ([@gks332-B5; @gks332-B6; @gks332-B7]). The SRA domain from the *Arabidopsis* SUVH5 follows a dual flip-out mechanism and extrudes both the methylated base and neighbouring base in the complementary DNA strand ([@gks332-B8]).

The evidence from comparative genomics suggests that mechanisms of 5mC discrimination may have emerged in the bacterial world as a result of on-going arms race between viruses and bacteria ([@gks332-B9]). In bacteria, methylated DNA bases are employed by restriction--modification systems to discriminate between self and foreign epigenetic modification patterns ([@gks332-B10],[@gks332-B11]). The lack of the specific methyl-tag in the foreign DNA which enters the cell serves as a signal that triggers the restriction endonuclease cleavage. To protect their DNA from cleavage bacteriophages acquired an ability to incorporate modified bases such as 5mC and 5′-hydroxymethylcytosine (5hmC) in their genomes during DNA replication ([@gks332-B12]). It is thought that bacteria responded by developing methylation-dependent restriction endonucleases Mcr (for **M**odified **c**ytosine **r**estriction) to cut the modified foreign DNA \[see ([@gks332-B10]) for a review\]. To obtain resistance against the Mcr cleavage, T4 even phages extended C base modification through the glycosylation of the 5hmC residues ([@gks332-B13; @gks332-B14; @gks332-B15]). Actually, the first phage restriction phenomenon observed in the studies of T-even phage mutants impaired in glycosylation ([@gks332-B16]) was due to the Mcr cleavage of 5mC/5hmC-containing viral DNA. In *Escherichia coli* K12 strain there are at least two chromosomally encoded restriction endonucleases that act on the 5mC/5hmC containing DNA: McrA and McrBC ([@gks332-B17],[@gks332-B18]). In contrast to the eukaryotic methyl-DNA-binding proteins, structural mechanisms leading to the 5mC/5hmC recognition by Mcr systems and other bacterial endonucleases acting on the methylated DNA ([@gks332-B19]) are as yet unknown.

To understand the structural mechanisms of the 5mC/5hmC recognition in prokaryotes, we focused on the *E. coli* McrBC ([@gks332-B18],[@gks332-B20]). The McrBC restriction system consists of two subunits: McrB (53 kDa) and McrC (40.5 kDa) ([@gks332-B21]) ([Figure 1](#gks332-F1){ref-type="fig"}A). The nuclease active site resides in McrC ([@gks332-B22]), while McrB is responsible for DNA binding and GTP hydrolysis ([@gks332-B20],[@gks332-B23]). The C-terminal part of McrB harbours the signature motifs of AAA^+^ ([A]{.ul}TPases [a]{.ul}ssociated with various cellular [a]{.ul}ctivities) protein family ([@gks332-B24],[@gks332-B25]). As most of AAA^+^ family proteins which usually function as ring-shaped oligomers ([@gks332-B26]), McrB was shown to assemble into heptameric ring structures and tetradecamers ([@gks332-B27]). DNA cleavage by McrBC requires GTP and occurs between two well-separated (30- to 3000-bp apart) recognition sites, 5′-R^m^C (where R = A or G) triggered by encounter of two DNA-translocating McrBC complexes ([@gks332-B18],[@gks332-B28],[@gks332-B29]). While two recognition elements at two well-separated locations are required for cleavage, McrB can bind substrates with recognition elements at a single location ([@gks332-B30],[@gks332-B31]). The domain responsible for recognition of methylated DNA was shown to reside in the N-terminal part (residues 1--161) of the McrB subunit ([Figure 1](#gks332-F1){ref-type="fig"}A) ([@gks332-B30],[@gks332-B32]). Figure 1.(**A**) Schematic representation of the McrBC restriction system. McrBC is composed of two subunits: McrB harbours an N-terminal DNA-binding domain (McrB-N) and GTP-ase motifs, while McrC contains a nuclease active site ([@gks332-B20],[@gks332-B22],[@gks332-B23]). (**B**) The oligoduplexes used for crystallization. The 5′-A^m^C (5′-AC) sequences are shown in bold. (**C**) Closer view of the McrB-N monomer bound to DNA. The 'finger' loop penetrating into the minor groove is highlighted in orange. (**D**) Overall structure of the two McrB-N monomers bound to the di-methylated (m/m) oligoduplex. The DNA is bent by ∼29° and both the 5-methylcytosines are flipped out.

In this report we present the crystal structure of the McrB N-terminal domain (McrB-N) in complex with di-methylated, hemi-methylated and non-methylated DNA. To our knowledge it represents the first structure of a prokaryotic 5mC-binding domain in the DNA-bound form.

MATERIALS AND METHODS
=====================

Protein expression and purification
-----------------------------------

The region coding for the 1--161 residues of McrB was PCR-amplified from the pBBI/McrB template, introducing a hexahistidine tag at the C-terminus, and inserted into the pBAD24 vector. The McrB-N protein was expressed in *E. coli* ER2267 cells grown in the LB medium. The expression was induced by cultivation for 3--4 h at 37°C in presence of 0.2% arabinose. The cells were re-suspended in a buffer A \[20 mM sodium phosphate (pH 7.4), 0.5 M NaCl\] and sonicated. The soluble fraction was loaded on a HiTrap chelating column (GE Healthcare) and eluted by an imidazole gradient. The target protein was dialysed against a buffer B \[10 mM potassium phosphate (pH 7.0), 0.05 M KCl, 1 mM EDTA, 7 mM 2-mercaptoethanol, 10% (v/v) glycerol\] and loaded on a heparin--sepharose (GE Healthcare) column. The final preparation was stored at −20°C in a storage buffer \[10 mM Tris--HCl (pH 7.5 at 25°C), 0.2 M KCl, 0.1 mM EDTA, 1 mM DTT, 50% (v/v) glycerol\].

Crystallization and data collection
-----------------------------------

McrB-N was concentrated in a buffer C \[10 mM Tris--HCl (pH 7.5 at 25°C), 0.2 M KCl, 0.1 mM EDTA, 1 mM DTT, 0.02% NaN~3~\] and mixed with the oligoduplex ([Figure 1](#gks332-F1){ref-type="fig"}B). The final concentrations of protein and DNA were 375 and 206 µM, respectively. Crystals were grown at 19°C by the sitting drop vapour diffusion method. The crystallization conditions for each complex are presented in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks332/DC1). For data collection, the crystals were transferred into a reservoir solution supplemented with 25% PEG400 for 30 min prior to flash cryo-cooling at 100 K. A Pt-derivative was obtained by soaking in 10 mM of K~2~PtCl~4~ for 1 h. The diffraction data ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks332/DC1)) were collected at the EMBL beamlines at the DORIS storage ring, DESY, Hamburg or on a rotating anode source. The MOSFLM ([@gks332-B33]), SCALA ([@gks332-B34]) and TRUNCATE ([@gks332-B35]) programs were used to process the data.

Structure determination
-----------------------

The structure was solved by combining MAD phases (Pt-peak and Pt-infl datasets, [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks332/DC1)) with the SIRAS phases (Pt-peak and dataset-III, [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks332/DC1)) by SIGMAA ([@gks332-B36]). FOM for the combined phases before density modification was 0.62. The MAD phases were calculated using the SHELXD and SHELXE programs ([@gks332-B37]), the SIRAS phasing was carried out via Auto-Rickshaw pipeline ([@gks332-B38]). The experimental map at 2.7 Å showed clear protein-solvent boundaries and several secondary structure elements. The phases were improved by NCS-averaging using the DM program ([@gks332-B36]).

The manually built partial model of the Pt-derivative was used as a search model for molecular replacement to solve the native structure (dataset-I, [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks332/DC1)), as the datasets were non-isomorphous. After molecular replacement followed by NCS-averaging, a high quality map at 2.1 Å was obtained. This allowed automatic rebuilding of most of the protein residues by ARP/wARP ([@gks332-B39]). The DNA was built manually. The structures of complexes containing hemi- or non-methylated DNA (dataset-II and dataset-IV, [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks332/DC1)) were solved by molecular replacement using the protein model as a search target. Molecular replacement was carried out with MOLREP ([@gks332-B40]); manual building was carried out with Coot ([@gks332-B41]); CNS ([@gks332-B42]) and REFMAC ([@gks332-B43]) were used for refinement. The quality of the structures was analysed with the MOLPROBITY ([@gks332-B44]) program. The figures were prepared using PyMol (The PyMOL Molecular Graphics System, Schrödinger, LLC) and NUCPLOT ([@gks332-B45]).

The refinement statistics for the final models are presented in the [Table 1](#gks332-T1){ref-type="table"}. The N-terminal methionine and several C-terminal residues including the hexahistidine tag are not visible in the structures. The electron densities for the DNA bases outside the central palindromic 5′-ACCGGT sequence were very poor and did not allow determine the preferred orientation of the asymmetric oligoduplex. Thus, two alternative conformations were modelled. Table 1.Refinement statisticsStructureMcrB-N/ (m/m)McrB-N/ (m/−)McrB-N/ (−/−)Resolution range (Å)35--2.119--2.239--2.7Number of reflections18102164749412R-factor20.421.121.6Free R-factor (10% set)26.026.329.2Number of atoms375535973477Average B-factors (Å^2^)25.439.222.9R.m.s. deviations from ideal values:    Bonds (Å)0.0080.0080.005    Angles (°)1.11.10.9Ramachandran analysis:    Favoured (%)96.096.798.0    Allowed (%)100100100

Gel mobility shift assay for DNA binding
----------------------------------------

The oligoduplexes ([Figure 1](#gks332-F1){ref-type="fig"}B) were radio-labelled using \[γ-^33^P\]ATP and T4 polynucleotide kinase (Fermentas). The DNA was incubated with McrB-N in a binding buffer \[30 mM MES (pH 6.5), 30 mM histidine, 10% (v/v) glycerol, 0.2 mg/ml of bovine serum albumin\] for 10 min at room temperature. Binding mixes contained 2 nM of the ^33^P-labelled oligoduplex, 100 nM of the unlabelled oligoduplex and 20--20 000 nM of the protein monomer. The samples were electrophoresed through 8% polyacrylamide gels in a running buffer \[30 mM MES (pH 6.5), 30 mM histidine\] for 2 h at 6 V/cm. The radio-labelled DNA was detected using a Cyclone Storage Phosphor System with the OptiQuant program.

Pyrrolo-dC fluorescence measurements
------------------------------------

Steady-state ﬂuorescence measurements were acquired in photon counting mode on a Fluoromax-3 (Jobin Yvon) spectrofluorometer equipped with Xe lamp. Sample temperatures were maintained at 25°C. Oligoduplexes p/p or p/m with pyrrolo-dC (PC) substitutions ([Table 2](#gks332-T2){ref-type="table"}) were purchased from IBA. Emission spectra (400--600 nm) were recorded at an excitation wavelength of λ^ex^ = 350 nm with excitation and emission bandwidths of 5 nm. At least four scans were averaged for each spectrum. The samples contained 5 µM of McrB-N and 1 µM of DNA in 30 mM MES (pH 6.5), 30 mM histidine. A 5-fold excess of the protein was used to ensure the complete binding of the DNA. Control spectra used for the background subtraction corrections were collected under identical conditions except that duplex m/m-30 was used instead of the ﬂuorescent DNA. The ﬂuorescence emission value of the corrected spectrum was determined at the emission maximum for each sample. Table 2.Oligoduplexes used for fluorescence measurementsOligoduplexSequencep/p`5′-ATCTCTCTATTC``ApCCG GT``ATTCTCTCTTTC-3′``3′-TAGAGAGATAAG``T GGCpCA``TAAGAGAGAAAG-5′`p/m`5′-ATCTCTCTATTC``ApCCG GT``ATTCTCTCTTTC-3′``3′-TAGAGAGATAAG``T GGCmCA``TAAGAGAGAAAG-5′`m/m-30`5′-ATCTCTCTATTC``AmCCG GT``ATTCTCTCTTTC-3′``3′-TAGAGAGATAAG``T GGCmCA``TAAGAGAGAAAG-5′`[^2]

RESULTS
=======

To understand the molecular mechanism for the 5mC recognition by the McrB N-terminal domain we have solved three crystal structures of McrB-N in complex with di-methylated, hemi-methylated and non-methylated DNA, respectively. Since 5′-A^m^CCGGT sequence is bound by McrB-N more tightly than other 5′-R^m^C containing sequences ([@gks332-B30]), three different oligoduplexes containing the methylated (m/m and m/−) and non-methylated (−/−) 5′-ACCGGT sequence were used for crystallization experiments ([Figure 1](#gks332-F1){ref-type="fig"}B). (i) In the di-methylated oligoduplex (m/m) the first C within the 5′-ACCGGT sequence is methylated in both strands to yield two 5′-A^m^C sites separated by 2 bp; (ii) in the hemi-methylated oligoduplex (m/−) the first C residue within the 5′-ACCGGT sequence is methylated only in one DNA strand to generate a single 5′-A^m^C site; (iii) in the oligoduplex (−/−) there are two non-methylated 5′-AC sites on the opposite DNA strands. McrB-N gave crystals belonging to the same P2~1~2~1~2~1~ group in presence of any of these DNA fragments. The structure of a platinum derivative of the McrB-N/hemi-methylated DNA complex was solved using both the anomalous and isomorphous signal (see 'Experimental procedures' section for more details). The structures of McrB-N bound to di-methylated, hemi-methylated and non-methylated DNA were solved by molecular replacement to the resolutions of 2.1, 2.2 and 2.7 Å, respectively. In all the structures there are two McrB-N molecules and one oligoduplex in the asymmetric unit. The protein components of the three independent structures are highly similar (r.m.s.d. of \<1 Å when comparing protein monomers). Here we will describe the structure of McrB-N bound to the di-methylated DNA and will discuss the differences between the three structures.

Overall structure of protein--DNA complex
-----------------------------------------

The N-terminal recognition domain of McrB folds into three α-helices and five β-strands with a topological order: α1~(4--18),~ β1~(33--39)~, β2~(49--54)~, β3~(63--71)~, β4~(75--83)~, α2~(102--111)~, β5~(121--128)~ and α3~(134--153)~ ([Figure 1](#gks332-F1){ref-type="fig"}C). The five β-strands are arranged into a single anti-parallel β-sheet. The N-terminal α1 and the C-terminal α3 helices pack on the convex side of the β-sheet, while the concave side is oriented towards the DNA. Three loops that emanate from the β-sheet grip the DNA from the minor groove side. In the asymmetric unit there are two McrB-N monomers bound to 5′-A^m^C sites on different strands within di-methylated DNA (m/m) ([Figure 1](#gks332-F1){ref-type="fig"}D). In crystal, these two McrB-N monomers do not contact each other. The DNA is heavily distorted, with both 5mC residues flipped out of the DNA duplex and positioned in the binding pockets within the protein. According to the analysis by the CURVES program ([@gks332-B46]), the minor groove is significantly wider in comparison to the canonical B-DNA, and the oligoduplex is bent by an overall angle of 29° towards the major groove. The loop β1β2~(40--48)~, which we named 'finger', protrudes into the widened minor groove and the side chain of Tyr41 intercalates into the DNA base stack replacing the flipped out 5′-methylcytosine ([Figure 1](#gks332-F1){ref-type="fig"}C).

Both the structure of the protein and the conformation of the DNA are nearly identical in the complexes of McrB-N with hemi-methylated (m/−) and di-methylated (m/m) oligoduplexes ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks332/DC1)). In the case of the hemi-methylated oligoduplex (m/−) there are two McrB-N monomers bound to separate 5′-R^m^C/5′-RC sites, the DNA is bent, and both the methylated and non-methylated C bases are flipped out (we could not determine the preferred orientation of the oligoduplex (m/−) in the McrB-N--DNA complex, thus two alternative DNA conformations with the methyl-group positioned on different DNA strands were modelled). According to the gel-mobility shift assay, McrB-N binds the hemi-methylated (m/−) and di-methylated (m/m) oligoduplexes with the same affinity ([Figure 2](#gks332-F2){ref-type="fig"}A). These results are in good agreement with the biochemical data that DNA methylated in one strand can be efficiently recognized by the McrB protein ([@gks332-B18],[@gks332-B20]). The stoichiometry of the McrB-N--DNA complexes could not be determined in the gel-shift assay since the complexes were purely resolved. Figure 2.Gel mobility shift analysis for McrB-N binding to DNA. (**A**) McrB-N binding to the oligoduplexes used for crystallization. McrB-N at concentrations indicated above the relevant lanes was mixed with the di-methylated (m/m), hemi-methylated (m/−) or non-methylated (−/−) DNA ([Figure 1](#gks332-F1){ref-type="fig"}B) at the final concentration of 100 nM. The samples were electrophoresed through 8% PAA gels under native conditions. (**B**) Dependence of the McrB-N binding on the sequence context 5′-upstream of 5mC McrB-N at concentrations indicated above the relevant lanes was mixed with the di-methylated (m/m) DNA containing either G, C or T nucleotide upstream of the 5mC. The samples were analysed as described in (A).

Surprisingly, in the structure of the McrB-N bound to the non-methylated oligoduplex (−/−) two cytosine residues adjacent to the A base are also flipped out. The overlay of the McrB-N structures bound to the di-methylated (m/m) and non-methylated (−/−) oligoduplexes does not show significant differences neither in protein nor in DNA conformation ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gks332/DC1)). However, according to the gel mobility shift assay, the lack of the methyl group on the cytosine decreases the stability of the protein--DNA complex, since the McrB-N binding to the oligoduplex (−/−) is undetectable in the gel ([Figure 2](#gks332-F2){ref-type="fig"}A). One cannot exclude that the complex between McrB-N and oligoduplex (−/−) is stabilized by crystal packing forces.

Protein--DNA interactions
-------------------------

The contacts made by the two McrB-N monomers bound to the di-methylated oligoduplex (m/m) are identical ([Figure 3](#gks332-F3){ref-type="fig"}A) therefore we will further discuss protein--DNA interactions made by one monomer. The McrB-N approaches DNA from the minor groove side ([Figure 1](#gks332-F1){ref-type="fig"}D) and three neighbouring loops α1β1~(19--32)~, β1β2~(40--48)~ ('finger') and β2β3~(55--62)~ emanating from the β-sheet contribute amino acid residues for protein--DNA interactions. Ser38, Thr45, Ser46, Trp49, Glu58, Ala59 and Ser60 make direct and water-mediated interactions with 3′- and 5′-phosphates of the extrahelical 5mC base, while the residues on the α1β1~(19--32)~ loop (Gln21, Ser22, Thr23 and Lys24) contact the 3′- and 5′-phosphates of C11 on the opposite strand ([Figure 3](#gks332-F3){ref-type="fig"}A). The only direct contacts to the bases in the DNA duplex are made by the Tyr41 and Asn43 residues. Asn43 is involved in the hydrogen bond interactions with the two C:G base-pairs interspaced between the two 5′-R^m^C sequences. The backbone N atom of Asn43 donates a hydrogen bond to the O2 atom of C7 while its side-chain interacts via a water-molecule with G8 ([Figure 3](#gks332-F3){ref-type="fig"}B). Tyr41 occupies the space left by the flipped out 5mC, and its backbone O atom accepts a hydrogen bond from the amino group of the orphaned guanine G9 ([Figure 3](#gks332-F3){ref-type="fig"}B). Figure 3.Detailed protein--DNA interactions in the McrB-N complex with di-methylated DNA. (**A**) Schematic representation of hydrogen bond interactions. Residues from different McrB-N monomers are shown in blue and red, water molecules are shown as red spheres. In the crystal there are two ways for the DNA duplex binding to McrB-N. Crystallographic quality parameters indicate that both binding modes are possible, and therefore both the DNA duplexes were modelled. Only one of two possible DNA orientations is shown in the picture. The protein--DNA interactions are almost identical in the McrB-N complexes with hemi-methylated and non-methylated DNA ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks332/DC1)). (**B**) Close-up stereo-view of the 'finger' loop penetrating into the minor DNA groove. (**C**) Close-up stereo-view of the McrB-N interactions with the flipped out 5mC. (**D**) Multiple sequence alignment of the McrB-N family proteins. NPS@ server ([@gks332-B48]) was used for analysis. Secondary structure for McrB-N is displayed above the sequence. Identical residues are indicated by red shading. Sequence names are composed of organism abbreviation and the GI number.

McrBC cuts DNA between two 5′-R^m^C sites separated by ∼30--2000 bp but it does not cleave at 5′-Y^m^C sites ([@gks332-B18],[@gks332-B28]). Thus, McrBC is able to discriminate purines versus pyrimidines 5′-upstream of the 5mC. Indeed, our data demonstrate that McrB-N affinity to the oligoduplexes containing 5′-A^m^C or 5′-G^m^C sites is ∼100 times higher in comparison to the oligoduplexes containing 5′-C^m^C or 5′-T^m^C sites ([Figure 2](#gks332-F2){ref-type="fig"}B). Surprisingly, in the crystal structure there are no direct contacts to the A5 residue 5′-upstream of the 5mC residue. The Gly40 residue preceding the intercalating Tyr41 interacts via a water molecule with the A5 partner thymine T10 base ([Figure 3](#gks332-F3){ref-type="fig"}B), but this contact does not explain the specificity for a purine residue in the vicinity of the 5mC. To test whether stacking interactions between the 5′-purine and aromatic ring of Tyr41 intercalating into DNA contribute to the target sequence discrimination by McrB-N, Tyr41 was replaced by site-directed mutagenesis by Ala and Gln which is present in McrB homologues ([Figure 3](#gks332-F3){ref-type="fig"}D). The Tyr41Ala and Tyr41Gln mutants' ability to bind methylated DNA was compromised ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gks332/DC1)) indicating the importance of Tyr41 in McrB-N--DNA interactions. On the other hand, an indirect readout due to DNA susceptibility for deformation may also contribute to the Pu versus Py discrimination similarly to the EcoRV restriction enzyme ([@gks332-B47]).

Recognition of 5mC in the binding pocket
----------------------------------------

The extrahelical 5mC is positioned in the protein-binding pocket and adopts an *anti-*conformation. The walls of the binding pocket for 5mC are made by the side chains of Trp49, Leu68 and Tyr117 on one side and the side chains of Tyr64, Ala59, Ser60 and backbone atoms of 82--85 residues on the opposite side. The compromised DNA-binding activity of the Trp49Cys mutant ([@gks332-B29]) confirms the importance of the binding pocket residues in the McrB-N function. Tyr117 stacks with the flipped out base, while the residues Ile82, Asp84 and Thr85 are involved in hydrogen bonds interactions with the donor and acceptor atoms on the Watson--Crick edge of the extrahelical base ([Figure 3](#gks332-F3){ref-type="fig"}C). More specifically, the O atom of Ile82 accepts a hydrogen bond from the exocyclic 4-amino-group; the backbone N of Asp84 donates a hydrogen bond to the N3 atom, and the backbone N and the side-chain OG atom of Thr85 are engaged in the hydrogen bond interactions with the O2 atom of 5mC. Since most of the hydrogen bond interactions are made by the backbone atoms of β4α2~(83--102)~ loop, it is not surprising that Ile82, Asp84 and Thr85 residues are not conserved in the McrB-N homologues ([Figure 3](#gks332-F3){ref-type="fig"}D). The direct hydrogen bond interactions in the binding pocket of McrB-N are compatible with C or m5C residues but exclude T, A and G bases. Discrimination between the extrahelical 5mC and C bases in the binding pocket is achieved by van der Waals interactions between the 5-methyl group and the side-chains of the Tyr64 and Leu68 residues ([Figure 3](#gks332-F3){ref-type="fig"}C). The importance of these interactions is supported by the conservation of Tyr64 and Leu68 residues in protein sequences of putative McrB-N homologues ([Figure 3](#gks332-F3){ref-type="fig"}D).

In the crystal structure of McrB-N bound to the non-methylated DNA, the cytosine is also flipped out of the base stack and accommodated in the binding pocket. However, due to the lack of the methyl group the extrahelical cytosine makes fewer contacts with protein atoms in comparison to 5mC. Van der Waals' interactions with the methyl group of 5mC presumably make an important contribution to the McrB-N--DNA complex stability, since McrB-N complex with the non-methylated oligoduplex (−/−) is much less stable than complexes with the di- and hemi-methylated DNA.

Base flipping in solution
-------------------------

The crystal structures revealed that two McrB-N monomers bind to opposite strands of the 5′-ACCGGT sequence and flip out methylated, hemi-methylated or non-methylated C bases in the vicinity of 5′-A. To probe whether base flipping by McrB-N occurs in solution, we used a fluorescent cytidine analogue, pyrrolo-dC (PC). The quantum yield of PC fluorescence is sensitive to base unstacking ([@gks332-B49]), therefore PC is used to probe DNA structural changes ([@gks332-B50; @gks332-B51; @gks332-B52]) similarly to 2-aminopurine ([@gks332-B53],[@gks332-B54]). Incorporation of the PC instead of the first C base in the 5′-ACCGGT sequence in one or both DNA strands did not significantly disturb McrB-N binding ([Figure 4](#gks332-F4){ref-type="fig"}A). Mixing of McrB-N with the p/p and p/m oligoduplexes, resulted in the 2.6- and ∼4-fold increase of the PC fluorescence at ∼460 nm, presumably due to the base unstacking occuring in solution upon McrB binding to PC containing DNA ([Figure 4](#gks332-F4){ref-type="fig"}B). This finding is consistent with the nucleotide flipping observed in the crystal structure. Figure 4.McrB-N interaction with PC DNA. (**A**) McrB-N binding to the oligoduplexes containing one (p/m) or two PC (p/p) bases ([Table 2](#gks332-T2){ref-type="table"}). The binding reactions contained ^33^P-labelled 30-bp oligoduplex (100 nM) and the protein at concentrations as indicated by each lane. The samples were electrophoresed through 8% PAA gels under native conditions. (**B**) PC steady state fluorescence measurements in solution. *Left panel*: corrected PC emission spectra of McrB-N--DNA complexes. Reactions contained 5 μM protein and 1 μM oligoduplex p/p or p/m (see 'Materials and Methods' section for the details). *Right panel*: diagrams illustrate the maximum ﬂuorescence intensity (456 nm for p/p, 459 nm for McrB-N--p/p, 466 nm for p/m and 463 nm for McrB-N--p/m) values of the corrected ﬂuorescence emission spectra presented in *left panel*.

Structural similarity to other proteins
---------------------------------------

According to the DALI server search ([@gks332-B55]), McrB-N is most similar to 2a8e (z = 6.2), 2ffg (z = 6.0) and 3mgz (z = 5.5) structures, which are not yet functionally characterized. Therefore, it remains to be determined whether these proteins possess DNA-binding activity similar to McrB-N. The DALI search also identified another related structure: the *E. coli* protein yjbR (2fki, z = 4.9), which reportedly contains a 'double wing' DNA-binding motif. It is proposed that yjbR protein differently from the McrB-N interacts predominantly with the DNA major groove ([@gks332-B56],[@gks332-B57]); however, the crystal structure of yjbR in the DNA bound form is required to support this structural model.

The recognition domain of the McrBC restriction endonuclease shows no structural similarity neither to the methyl-CpG-binding domain of MeCP2 ([@gks332-B4]) nor to the SRA domains from the mammalian UHRF1 and the *Arabidopsis* SUVH5 ([@gks332-B5; @gks332-B6; @gks332-B7; @gks332-B8]). Therefore, to our knowledge, McrB-N represents a third distinct fold that was adapted for the 5mC recognition.

DISCUSSION
==========

Distinct fold but similar mechanism
-----------------------------------

Within eukaryotes there are three currently known distinct families of proteins that bind methylated DNA: the methyl-binding domain (MBD) family, Kaiso and Kaiso-like proteins, and SRA domain proteins ([@gks332-B58]). MBD family and SRA domain proteins have unrelated folds and mechanisms for 5mC recognition, while the structural characterization of Kaiso has not been yet reported. The structure of the McrB-N in complex with methylated DNA provides the first structural glimpse of a prokaryotic methylated DNA-binding domain in DNA-bound form. The key feature of the mechanism of 5mC recognition by the N-terminal domain of McrB is the base flipping.

The structure analysis shows that three different steps ensure a unique discrimination of the 5mC against other bases by McrB-N. First, the methylated cytosine is flipped out of the double helix and positioned in the well defined binding pocket within the protein. The size of the pocket pre-selects pyrimidines against purines as a purine base would not fit in. Second, direct readout of the donor and acceptor atoms on the Watson--Crick edge of the flipped out base discriminates cytosine against thymine*.* The pattern of the hydrogen bond donors and acceptors provided by the three amino acid residues within the binding pocket of McrB-N is compatible to that of C or 5mC but not of other heterocyclic bases in their typical conformation. Finally, van der Waals interactions of the conserved binding pocket residues Tyr64 and Leu68 residues with the methyl group discriminates 5mC against cytosine.

The protein fold of the McrB-N is distinct from those of eukaryotic methyl-CpG-binding domains of UHRF1 and SUVH5 ([@gks332-B5; @gks332-B6; @gks332-B7; @gks332-B8]) that flip out the methylated base. Surprisingly, despite of the differences in the protein fold and DNA sequence context, the mechanism of the 5mC discrimination by McrB-N show similarities to that of the SRA domains of mammalian UHRF1 ([@gks332-B5; @gks332-B6; @gks332-B7; @gks332-B8]) and *Arabidopsis* SUVH5 ([Figure 5](#gks332-F5){ref-type="fig"}). Indeed, all three proteins flip out 5mC from DNA helix to achieve discrimination of 5mC against C. Furthermore, in all the cases the extrahelical base is accommodated in the protein pocket, which provides an interface for the direct readout of the donor and acceptor atoms on the Watson--Crick edge of the extrahelical C although different sets of amino acid residues are used for hydrogen bonding interactions. Finally, van der Waals interactions with the methyl group in the binding pocket play a key role in discriminating of the 5mC against C. Thus, despite of the distinct folds and different sequence context (A^m^C for McrB-N, ^m^CG for mammalian UHRF1 and ^m^CG/^m^CHG/^m^CHH for *Arabidopsis* SUVH5, respectively) both the prokaryotic McrB-N and eukaryotic methyl-binding SRA domains use base flipping mechanism for 5mC discrimination in the binding pocket although details still vary among different proteins. The SRA domain from mammalian UHRF1 binds to a hemimethylated CpG dinucleotide as a monomer ([Figure 5](#gks332-F5){ref-type="fig"}) and flips the methylated cytosine into a binding pocket ([@gks332-B5; @gks332-B6; @gks332-B7]). The SRA domain from *Arabidopsis* SUVH5 binds to fully or hemimethylated CG, fully methylated CHG and methylated CHH, and hemimethylated CHG ([@gks332-B8]). In contrast to mammalian UHRF1, the plant SUVH5 domain follows a double-flip mechanism ([@gks332-B8]) extruding simultaneously two bases in the complementary DNA strands and positioning both extrahelical bases within binding pockets of individual protein domains. In the McrB-N complexes with di-methylated, hemi-methylated and non-methylated oligoduplexes, two bases from opposite strands (5mC/5mC, 5mC/C and C/C) also occupy extrahelical positions. However, there is no biochemical evidence that such 'double flip' mechanism would be important for McrBC function. Most likely, 'double flip' results from independent interactions between two McrB-N monomers and two 5′-AC targets in the palindromic 5′-ACCGGT sequence. Furthermore, differently from the SUVH5 and UHRF1 SRA domains that do not disturb B-DNA conformation except of base flipping ([@gks332-B5; @gks332-B6; @gks332-B7; @gks332-B8]), McrB-N bends DNA nearly by 30°. In this respect McrB-N mechanistically resembles the human alkyladenine glycosylase that approaches DNA form the minor groove side, flips out the damaged base and severely distorts DNA conformation ([@gks332-B59]) ([Figure 5](#gks332-F5){ref-type="fig"}). Intriguingly, ROS1 DNA glycosylase which catalyses active DNA demethylation also uses base flipping to discriminate 5mC ([@gks332-B60]). Figure 5.McrB-N in comparison to other base-flipping proteins. Two monomers of SUVH5 SRA domain (3Q0C) or McrB-N are bound to the same DNA duplex, while in the case of the UHRF SRA domain (2ZKD) a single monomer is bound to the DNA. The DNA retains almost canonical B-DNA structure, except for the flipped out nucleotide, in the SRA domain complexes, while McrB-N bends DNA similarly to the human alkyladenine glycosylase (1BNK).

Implications for McrBC function
-------------------------------

Genetic experiments indicate that McrBC restriction endonuclease alongside with the 5mC-modified DNA also restricts DNA containing N4-methylcytosine or 5hmC but does not cleave glycosylated DNA of T-even phages ([@gks332-B13; @gks332-B14; @gks332-B15; @gks332-B16],[@gks332-B61]). The McrB-N structures in complex with di-methylated and hemi-methylated DNA show that N4-methylcytosine or 5hmC could fit into the binding pocket. Indeed, the free space in the pocket filled with 5mC is large enough to accommodate the hydroxyl group bound to the C5 atom in the case of 5hmC or the methyl group of N4-methylcytosine. Moreover, in one of the protomers a water molecule fills in this space. The water molecule is sandwiched between the N4 of 5mC and OG atoms of the Ser120 residue ([Figure 6](#gks332-F6){ref-type="fig"}) and could be replaced by a hydroxyl group of 5hmC or by the methyl group of N4-methylcytosine (but not by both). On the other hand, glycosylation of the 5hmC by T-even phages should create a steric obstacle for the accommodation of the extrahelical base in the binding pocket and interfere with the McrBC cleavage. Figure 6.Close-up view of the water molecule in the vicinity of the methyl group in the McrB-N complex with di-methylated DNA. The hydroxyl group of 5hmC or methyl group of the N4-methylcytosine may occupy the space filled by the water molecule (shown in magenta).

The crystal structures of McrB-N in complex with the dimethylated and non-methylated DNA are nearly indistinguishable but the cytosine methylation is absolutely required for the McrBC cleavage ([@gks332-B20],[@gks332-B31]). Van der Waals interactions are critical for the methyl group discrimination in the 5mC and presumably make an important contribution to the McrB-N--DNA complex stability. Flipping of the cytosine which makes fewer contacts with protein atoms in the binding pocket may result in a more dynamic McrB-N--DNA complex. It is likely that McrB interrogating for 5mC flips out bases in the 5′-RC context; however, cleavage occurs only when methylated C is bound in the pocket.

The McrB protein assembles into heptameric ring structures and tetradecamers in presence of GTP ([@gks332-B27]). The methylated DNA-binding domains McrB-N most likely are located on the surface of the heptameric rings ([@gks332-B27]). The crystal structure shows that McrB-N binds to 5-A^m^C site approaching DNA from the minor groove. In principle, a heptameric McrB assembly could bind seven 5-R^m^C sites independently. It would be interesting to see whether binding of methylated DNA results in DNA wrapping around the McrB heptamer and packaging into the nucleosome-like particles as it was earlier suggested ([@gks332-B31]).

McrBC systems are widespread among prokaryotes. *In silico* analysis suggests that McrB-N homologues may recognize 5mC in different sequence context ([@gks332-B11]). Interestingly, McrB-N, which is specific for the 5′-R^m^C sequence ([@gks332-B20],[@gks332-B31]), does not form direct hydrogen bonds neither to A base nor to the partner T base 5′-upstream of the 5mC. The single water-mediated hydrogen bond to the partner T base cannot explain McrB specificity for purine residues preceding 5mC. The preference for a purine residue may be determined by an indirect readout mechanism, e.g. susceptibility to DNA deformation and/or stacking interactions with the aromatic ring of the intercalating Tyr41. However, in contrast to phosphate-clamping 'finger' loop residues Ser38 and Trp49, the DNA intercalating Tyr41 residue is not conserved ([Figure 3](#gks332-F3){ref-type="fig"}D). It is tempting to speculate that the amino acid residues replacing intercalating Tyr41 in the McrB-N homologues may contribute to the differences in sequence specificity.

ACCESSION NUMBERS
=================

The coordinates and structure factors are deposited in the Protein Data Bank under the accession codes: 3SSC (McrB-N bound to di-methylated DNA), 3SSD (McrB-N bound to hemi-methylated DNA) and 3SSE (McrB-N bound to non-methylated DNA).
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